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Abstract
Background: Orthologues are genes in different species that are related through divergent evolution from a
common ancestor and are expected to have similar functions. Many databases have been created to describe
orthologous genes based on existing sequence data. However, alternative splicing (in eukaryotes) is usually
disregarded in the determination of orthologue groups and the functional consequences of alternative splicing
have not been considered. Most multi-exon genes can encode multiple protein isoforms which often have
different functions and can be disease-related. Extending the definition of orthologue groups to take account of
alternate splicing and the functional differences it causes requires further examination.
Results: A subset of the orthologous gene groups between human and mouse was selected from the InParanoid
database for this study. Each orthologue group was divided into sub-clusters, at the transcript level, using a
method based on the sequence similarity of the isoforms. Transcript based sub-clusters were verified by functional
signatures of the cluster members in the InterPro database. Functional similarity was higher within than between
transcript-based sub-clusters of a defined orthologous group. In certain cases, cancer-related isoforms of a gene
could be distinguished from other isoforms of the gene. Predictions of intrinsic disorder in protein regions were
also correlated with the isoform sub-clusters within an orthologue group.
Conclusions: Sub-clustering of orthologue groups at the transcript level is an important step to more accurately
define functionally equivalent orthologue groups. This work appears to be the first effort to refine orthologous
groupings of genes based on the consequences of alternative splicing on function. Further investigation and
refinement of the methodology to classify and verify isoform sub-clusters is needed, particularly to extend the
technique to more distantly related species.
Background
Orthologous genes are related to each other through
divergent evolution from a common ancestor and so are
expected to have similar functions. Determining ortholo-
gous gene groups, where at least one member has a
known function, is a common method to extend func-
tional annotation to genes in other species [1,2]. Existing
approaches to identify orthologues are mainly based at
the protein level, using a representative or the longest
transcript of a gene [2]. However, recent studies suggest
that more than 90% of human multi-exon protein
coding-genes are involved in the process of alternative
splicing [3,4]. As alternative pre-mRNA splicing is con-
sidered a key mechanism to generate structural and
functional complexity in higher eukaryotes, alternative
transcripts of a gene may have differing functional roles
[5]. Consequently, the assignment of function across an
orthologous gene group might not apply to alternate
transcripts of the genes.
It has been shown that different protein isoforms gen-
erated by alternative splicing can have diverse functional
properties, such as binding characteristics, subcellular
localisation or enzymatic activity [6] or have altered
structural properties [6] or tissue specificity [3]. In many
cases, the isoforms of proteins within an orthologous
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grouping might not meet the basic assumption of func-
tional similarity for all combinations of isoforms. Indeed
inappropriate expression of an alternate isoform of a
gene can be a significant cause of disease [7,8].
Intronic mutations and synonymous SNPs can affect
splicing resulting in disease by inappropriate expression
of an isoform [7-9]. For example, tauopathies can be
caused by an exon 10 mutation altering the relative
expression levels of two isoforms (3R and 4R) of
the MAPT gene [7,8]. Differing isoforms of VEGF-A
have either pro- or anti-angiogenic properties and so
provide a possible target for cancer therapy [10,11]. In
some cancerous tissues isoforms of a gene that are not
found in normal tissues are expressed [12]. A clearer
understanding of the functional relationships among iso-
forms in orthologous gene sets will be helpful to investi-
gating pathological conditions.
Several databases and resources have been created to
generate orthologous gene groups over a large range of
species (e.g. [1,2,13,14]) and comparative studies of
orthologue databases have been made [15]. These
resources focus on protein sequence alignments without
fully taking account of alternatively spliced isoforms.
EnsemblCompara [2], for example, selects the longest
transcript of a gene. Recently the “GOOD” database
[16,17] was constructed to define orthologue groups by
examining the “processed transcription units” of a gene
(the genomic region that encompasses all exons of a
gene whether alternate or constitutive). This method
provided better coverage of orthologue groups and dis-
tinction between orthologues and paralogues [16,17].
This work seeks to refine, not define, orthologous
groupings of genes by arranging them into subsets where
the differing functional properties of alternate transcripts
are accounted for. Currently available definitions of
orthologue groups are taken and those that have multiple
isoforms are sub-clustered by a simple technique into
groups with related sequence similarity. These sub-
clusters are then subjected to verification tests based on
functional and structural considerations to show that the
clustering technique does provide biologically meaningful
subdivisions of existing orthologue groups.
Similar to Ho et al [16,17], and unlike earlier ortholo-
gue finding procedures, this work explicitly focuses on
the alternate splicing in eukaryotes. However, this work
is not concerned with the definition of orthologue clus-
ters at the overall gene level, but with the refinement of
orthologue clusters to account for the expansion of
function that alternative splicing allows. This will pro-
vide biologists with a family of refined orthologue
groupings which will allow more precise experimenta-
tion into the particular functions of an isoform and its
“orthologous isoforms”.
Methods
Data sources
Human and mouse orthologue data were downloaded
from InParanoid 7.0 (June, 2009) [1]. Only gene groups
that showed a one-to-one orthologue relationship
between human and mouse were retained. Protein
sequences for these genes were obtained from Ensembl
release 56 (September, 2009) giving a total of 11,854
orthologous gene groups that contained at least one
human and one mouse protein. Functional descriptions
were taken from the InterPro database [18] using the
InterProScan tool [19]. Data on disordered regions in
proteins, in part, used the DisProt database (release 4.9,
June 2009) [20]. However there are only limited data in
this database of experimentally verified results and only
193 human proteins had annotations available.
Clustering method
Protein products of all the alternately spliced isoforms of
an orthologous gene pair were multiply aligned using the
program MUSCLE [21]. Once aligned, all the common
regions among these proteins could be identified. For any
two proteins P1 and P2, the similarity score between
them was defined as: Sim (P1,P2) = (number of identities
or substitutions / total aligned length including gaps).
Therefore, 0 ≤ Sim (P1,P2) ≤ 1. Due to the heuristic nat-
ure of multiple sequence alignment programs, some
regions may not have aligned correctly. To adjust for
this, common regions that have length < ‘d’ were
removed from consideration. Currently, ‘d’ was set at 2.
After computing all the pair-wise similarity scores
between protein isoforms, sub-clusters were built simi-
larly to the method used in InParanoid [22]. The best
matched isoforms across two species were marked as
the anchor of an orthologous transcript sub-cluster.
Then additional isoforms were added to the sub-cluster
if the similarity score between an isoform and its anchor
in the same species is higher than the similarity score of
the two anchor proteins. The process repeats for the
remaining sequences. Some isoforms may form single-
ton sub-clusters.
An example calculation is shown in Fig. 1 for protein
products of orthologous genes in species A and B where
each gene has two isoforms which differ by the presence
of a third exon in one isoform. If, for simplicity, the
exons are assumed to have the same length, then
Sim (P1, P1’) = Sim (P2, P2’) = 1,
Sim (P1, P2’) = Sim (P2, P1’) = 2/3, and
Sim (P1, P2) = Sim (P1’, P2’) = 2/3.
So P1 and P1’ will form a transcript sub-cluster, which
will not be expanded as the in-species isoform scores
are less than the anchor pair’s score. Likewise P2 and
P2’ will form a transcript sub-cluster. Thus the original
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single gene orthologue pair has become two transcript-
based orthologue sub-clusters. It should be noted that a
local alignment based scoring technique such as BLAST
would not distinguish between the P1-P1’ and P1-P2’
pairings.
Functional and disorder difference measures
Two functional and structural methods to assess the
efficacy of the orthologue sub-clustering method were
utilised. One was domain based signatures from the
InterPro database [18] and the second was the presence
of (predicted) regions of intrinsic disorder in the pro-
teins as protein disorder has functional associations with
splicing [23].
InterProScan [19] was used to identify all the signa-
tures that matched to any of the transcripts in an ortho-
logous gene cluster. For each transcript a vector was
constructed indicating whether that transcript matched
(1) or did not match (0) that signature. Then the func-
tional difference diffffunc() of two transcripts was defined
to be the Hamming distance between their two signa-
ture vectors (or the count of the number of functional
signatures at which they differed).
Due to the limited amount of experimental data on
protein disorder in the DisProt [20] database, predic-
tions of disorder were made for each transcript using
PONDR VSL2B [24,25]. The default values were used to
define potential disordered regions and the number and
length of disordered regions were kept for each isoform
in an orthologous gene cluster. Short predictions of dis-
order (< 10 amino acids) were ignored and disordered
regions separated by < 3 amino acids were combined.
For two isoforms, diffdis() was defined as the absolute
value of the difference in the number of disordered
regions between them.
Average values of the difference measures were calcu-
lated within (intra) and between (inter) sub-clusters of
an orthologue group and compared. Wilcoxon ranked
sum tests were used to assess the distribution of aver-
age values between the intra- and inter-sub-group
differences.
Results
Sub-clustering
11,854 orthologous one-to-one gene groups, for which
at least one protein sequence from each species could
be obtained from Ensembl, were taken from InParanoid.
The numbers of protein isoforms per group are shown
in Table 1. 6,085 orthologous groups contained only
2 sequences and so could not be sub-clustered. The
remaining 5,769 groups were further processed by
applying the clustering approach outlined in the Meth-
ods section. 3,421 orthologous gene groups (28.9% of
total or 59.3% of clusters with ≥ 3 proteins) could be
divided into 2 or more sub-clusters (Table 2).
Functional annotations
Orthologue groups that were sub-clustered were verified
for functional consistency by using InterProScan to
identify signatures in the sequences. No differences were
found in this functional signature among the sub-clus-
ters for 65.7% of the orthologue groups, perhaps reflect-
ing the limits of current annotation processes for
alternately spliced isoforms. Where differences were
found, the intra- and inter-group difference scores were
calculated for all the sub-clusters of the orthologue
groups. These difffunc() values are given in Fig. 2 for
the intra- and inter-groups. In approximately 70% of the
cases the intra-group difference was 0. Mean scores for
intra- and inter-group values of difffunc() were 0.27 and
4.13, respectively. A Wilcoxon ranked sum test of the
difference in the distributions of difffunc() scores showed
a statistically significant difference between the goups
with a p-value of ≤ 2.2×10-16.
Figure 1 Illustration of the alternative transcript similarity
scoring scheme. For an orthologue group with two alternative
transcripts in each species, a global multiple sequence alignment
results in the alignment of homologous exons. Where an alignment
of isoforms that differ in the number of exons is used to calculate
the similarity score (eg P1-P2’) a score <1 will be obtained (0.67 in
this case if the exons are assumed to have equal length) as the
extra exon is matched by a gap in the alignment. P1-P1’ and P2-P2’
will give scores of 1.
Table 1 The distribution of numbers of proteins in an
orthologue group
Protein Group Size Number
2 6,085
3 2,703
4 1,413
5 748
6 347
7 230
>8 328
Total 11,854
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Intrinsic disorder predictions
After predicting the intrinsically disordered regions in
all the protein isoforms of the sub-clustered orthologue
groups, it was found that 25% of the groups had identi-
cal disorder predictions. As for the functional annota-
tions, all diffdis() values were calculated for intra- and
inter-group comparisons in the remaining orthologue
group sub-clusters. Fig. 3 shows the distribution of these
values. About 35% of the intra-group comparisons
showed no difference in diffdis() values. Average scores
for the intra- and inter-group diffdis() values were 0.76
and 1.37 respectively. The distributions of intra- and
inter-group values were found to be statistically signifi-
cantly different by a Wilcoxon ranked sum test with a
p-value of ≤ 2.2×10-16.
Specific examples of the method
Application of the techniques described here is shown for
the genes SYNE1, ESR2 (ERb), and AHNAK. Figure 4
shows the exon/intron structure for the isoforms of these
genes which formed 4, 3 and 2 sub-clusters for SYNE1,
ESR2 and AHNAK respectively. Table 3 shows the Inter-
Pro functional annotation patterns for these genes in
their sub-clusters while Table 4 gives the details of disor-
dered regions by gene and sub-cluster. In SYNE1 the
sub-clusters show different functional and disorder pat-
terns from each other except for the InterPro functions
of sub-clusters 2 and 3 which are identical. ESR2 forms 3
sub-clusters which separate the normal tissue form from
the cancer associated form [26] and all 3 sub-clusters
show differences in the degree of predicted intrinsic dis-
order. AHNAK shows 2 clusters with marked differences
in the amount of disorder.
Discussion
With the substantial increase in the number of new gen-
omes being sequenced due to next generation sequen-
cing technology, the need for better functional
annotation of genes is becoming more urgent. Auto-
matic assignment of functions based on orthologous
gene relationships is one of the key processes in electro-
nic annotation of databases [2]. Much effort has been
placed into developing methods to accurately identify
orthologous relationships yet, while recent work has
considered using transcript data to define gene regions
[16,17], alternate splicing has not been considered from
the point of view of the different functions isoforms of a
gene may have [5].
This work has explicitly considered the alternately
spliced isoforms of a gene and the available, if still
restricted, functional data on them. The results shown
here demonstrate that many orthologous gene groups
are comprised of sets of isoforms that have detectable
differences in functional attributes. Based on this, auto-
matic assignment of functions from one isoform in a
gene based orthologue group to all isoforms in another
species could easily result in annotation errors which
would likely continue to propagate. If the refinement of
the orthologous gene groups defined here is taken into
account, then annotations will only be transferred within
the isoform sub-clusters of the orthologous gene group
to which they apply. This should greatly enhance the
information available to clinicians seeking to explain
and treat the many pathobiologies involving alternate
splicing [7,8].
For this study an existing definition of orthologous
groups [1] was taken. Protein isoforms within these
Table 2 Numbers of sub-clusters by orthologue group
Number of sub-clusters Number of gene orthologue
groups
Total
3 proteins in
group
> 3 proteins
in group
Only 1 cluster 1,391 (51.5%) 887 (28.9%) 2,278 (39.5%)
≥ 2 sub-clusters 1,312 (48.5%) 2,109 (71.1%) 3,491 (60.5%)
Figure 2 The distribution of the average difffunc() values for each orthologous gene set for intra-group (left) and inter-group (right) comparisons.
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Figure 3 The distribution of the average diffdis() values for each orthologous gene set for intra-group (left) and inter-group (right) comparisons.
Figure 4 The gene structures of SYNE1, ESR2 and AHNAK.
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groups had to be clustered. Using standard tools like
BLAST is not adequate as its local alignment algorith-
mic base means it will not distinguish between isoforms
which differ by the inclusion of additional exons in one
isoform (see Fig 1). Consequently, a similarity measured
based on global comparisons needed to be used.
Although the method used here is computationally sim-
ple (the ratio of identities or substitutions to global
alignment length) it effectively models the sharing of
homologous exons between isoforms as these align with
each other. Skipped, mutually exclusive, truncated and
other variants of exons will contribute to gaps in one of
the sequences in the alignment. Thus the similarity
score used here reflects the exon structure of the
isoforms.
When InterPro signatures were used to assess the sub-
clusters of orthologue groups, many (~65%) had no dif-
ferences among the sub-clusters. In part this might
reflect the nature of InterPro which has a domain based
approach to functional annotation. If constitutive exons
match the InterPro signatures all isoforms will receive
the same annotation even if the presence or absence of
other domains might affect the function of the protein.
Another aspect of this problem is that most annotation
efforts have been focussed at the gene or dominant tran-
script level and the full extent of alternate splicing is
only recently being revealed [3,4]. Different functional
annotation methods, or a larger combination of meth-
ods, might provide a better separation of the subgroups
based on function.
Where the sub-clusters of an orthologue group had dif-
fering annotations from InterPro, it was clear that the
sub-clusters developed here were reflecting functional
differences. The intra-group difference in functional
assignment was significantly smaller than the inter-group
difference. Most of the intra-group functional difference
scores were 0 reflecting the functional consistency of the
sub-clusters. Thus the clustering method used here
appears to have provided a useful separation of ortholo-
gous gene groups into subsets of distinct functionality.
Intrinsic disorder in proteins has been associated with
alternate splicing [23] and many aspects of protein
Table 3 InterPro keyword labels of the protein isoforms of genes SYNE1, ESR2 and AHNAK
Gene Cluster# Protein SYNE1’s keyword labels *
SYNE1 1 ENSMUSP00000051825 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 ENSP00000265368 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 ENSP00000308157 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 ENSP00000356216 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 ENSP00000356220 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 ENSP00000356224 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 ENSP00000390975 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 ENSP00000396024 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 ENSMUSP00000093587 1 1 0 0 1 1 0 1 0 1 1 0 0 0 1 0 1
2 ENSP00000318783 1 1 0 0 1 1 0 1 0 1 1 0 0 0 1 0 1
3 ENSP00000356225 1 1 0 0 1 1 0 1 0 1 1 0 0 0 1 0 1
4 ENSMUSP00000039440 1 0 1 1 0 0 1 0 1 0 0 1 1 1 0 1 0
ESR2’s keyword labels*
ESR2 1 ENSP00000343925 (ERbw) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 ENSMUSP00000075932 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 ENSMUSP00000106051 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 ENSP00000351412 (ERbcx) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 ENSP00000335551 (ERbcx) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
3 ENSMUSP00000098849 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
AHNAK’s keyword labels *
AHNAK 1 ENSP00000257247 1 1 1 1 0 1 1 1 0
1 ENSMUSP00000090632 1 1 1 1 0 1 1 1 0
2 ENSP00000367263 1 1 1 1 0 1 1 0 1
2 ENSMUSP00000090633 0 1 1 1 1 1 1 0 1
*SYNE1’s keyword labels: GO3779, GO16021, IPR001589, IPR001715, IPR002017, IPR012315, IPR016146, IPR018159, PF00307, PF00435, PF10541, PS00019, PS00020,
PS50021, PS51049, SM00033, SM00150
ESR2’s keyword labels: PR00350, PF00104, SM00430, PR00047, PF00105, SM00399, PS00031, PS51030, PR00398, G3DSA:1.10.565.10, SSF48508, G3DSA:3.30.50.10,
PF12497, PTHR11865, PTHR1186:SF216, SSF57716
AHNAK’s keyword labels: PF00595, SM00228, PS50106, SSF50156, PS01031, G3DSA:2.30.42.10, PTHR23348, PRHR23348:SF7, PTHR23348:SF8
Jia et al. BMC Genomics 2010, 11(Suppl 4):S11
http://www.biomedcentral.com/1471-2164/11/S4/S11
Page 6 of 8
function [27]. While experimentally verified definitions
of intrinsic disorder are few [20], many tools are avail-
able to predict disorder (eg [24,25]). Although, as com-
putational predictions, these suffer from the lack of
experimental verification, they avoid the problem of a
single gene based approach to function and can be
applied to all alternately spliced isoforms. Far fewer
(about 13%) of the sub-clusters of an orthologue group
showed no difference on this measure. Most of the
orthologue groups examined in this work had sub-
clusters that showed distinct differences in the extent of
intrinsic disorder of their members. As was the case
with the InterPro classifications, the intra-group differ-
ences in disorder were significantly smaller than the
inter-group differences. On this basis the clustering
technique developed here has been able to separate
orthologue groups into sub-clusters with distinct biolo-
gical properties.
The InParanoid orthologue groups that could be
divided into sub-clusters are available as Additional
File 1. From the evidence presented here, researchers
who wish to investigate a protein based on functions
observed for its orthologue in, for example, a model spe-
cies should take account of alternate splicing and ensure
that they are evaluating orthologues at the transcript
level and not just the gene level.
Conclusions
The work presented here has provided an initial refine-
ment of protein orthologous clusters at the transcript
level. While the sub-clustering technique used was rela-
tively simple it has produced sub-clusters of orthologue
groups that show distinct biological patterns based on
two independent measures. While transcript level data
has been used previously to define gene-level orthologue
groups, this appears to be the first work to examine and
subdivide orthologue gene groups based on their alter-
natively spliced transcripts which often have differing
functions. Based on the results presented here, it seems
advisable to extend the concept of orthology from the
gene to the transcript level.
Extension of this work to generate orthologous gene
sub-clusters across many species will be a critical direc-
tion for further investigation. Other transcript level fea-
tures such as exon usage, tissue specificity, and splicing
pattern could be used to improve the reliability of the
sub-clustering method. Assigning an increased range of
functional parameters to the sub-clusters should
improve their utility in guiding experimental work.
Additional File 1: Transcript based subclusters of human-mouse
InParanoid orthologue groupings (in tab-delimited text format).
Table 4 The prediction of disordered regions in the protein isoforms of genes SYNE1, ESR2 and AHNAK
Gene Cluster# Protein # of disordered regions Sum of region lengths Protein length Proportion of disordered regions
SYNE1 1 ENSMUSP00000051825 94 4390 8800 49.9%
1 ENSP00000265368 89 4326 8798 49.2%
1 ENSP00000308157 88 4275 8750 48.9%
1 ENSP00000356216 89 4327 8798 49.2%
1 ENSP00000356220 88 4276 8750 48.9%
1 ENSP00000356224 89 4372 8798 49.7%
1 ENSP00000390975 88 4321 8750 49.4%
1 ENSP00000396024 88 4275 8750 48.9%
2 ENSMUSP00000093587 9 410 950 43.2%
2 ENSP00000318783 9 403 983 41.0%
3 ENSP00000356225 29 1727 3322 52.0%
4 ENSMUSP00000039440 16 616 1432 43.0%
ESR2 1 ENSP00000343925 5 243 531 45.8%
1 ENSMUSP00000075932 5 295 550 53.6%
1 ENSMUSP00000106051 5 295 550 53.6%
2 ENSP00000351412 5 244 496 49.2%
2 ENSP00000335551 5 244 496 49.2%
3 ENSMUSP00000098849 5 295 568 51.9%
AHNAK 1 ENSP00000257247 1 67 150 44.7%
1 ENSMUSP00000090632 2 120 185 64.9%
2 ENSP00000367263 6 5716 5891 97.0%
2 ENSMUSP00000090633 10 5431 5657 96.0%
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